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We consider a simple extension of the Standard Model by adding two Higgs triplets and a complex 



di- 



CN 
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scalar singlet to its particle content. In this framework, the CP symmetry is spontaneously broken 
at high energies by the complex vacuum expectation value of the scalar singlet. Such a breaking 



d- 

leads to leptonic CP violation at low energies. The model also exhibits an A4 x Z4 flavour symmetry 

L_ji 

which, after being spontaneously broken at a high-energy scale, yields a tribimaximal pattern in 
J> . the lepton sector. We consider small perturbations around the tribimaximal vacuum alignment 

vo _ 

condition in order to generate nonzero values of #13, as required by the latest neutrino oscillation 
^D ! 

data. It is shown that the value of #13 recently measured by the Daya Bay Reactor Neutrino 

<^ 

Experiment can be accommodated in our framework together with large Dirac-type CP violation. 



We also address the viability of leptogenesis in our model through the out-of-equilibrium decays 
of the Higgs triplets. In particular, the CP asymmetries in the triplet decays into two leptons are 



computed and it is shown that the effective leptogenesis and low-energy CP-violating phases are 
C3 ■ 

directly linked. 
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I. INTRODUCTION 



The solid evidence for neutrino oscillations and, consequently, for nonzero neutrino masses 



and mixing, has established leptogenesis 



QE 



2] as one of the most appealing mechanisms to 



explain the matter-antimatter asymmetry observed today in our universe. The most attrac- 
tive feature of this mechanism relies on the fact that the interactions relevant for leptogenesis 
can simultaneously be responsible for the non-vanishing and smallness of neutrinos masses, 
once the well-known seesaw mechanism is invoked. Among the canonical seesaw realizations, 
the so-called triplet (or type II) seesaw |3| is probably the most economical in the sense that 
it counts with a single source of flavour structure, namely, the symmetric complex Yukawa 
coupling matrix Y A that couples the SU(2)l scalar triplet A to leptons. Furthermore, in 
its minimal realization, with only one scalar triplet, the flavour pattern of Y A uniquely 
determines the flavour structure of the low-energy effective neutrino mass matrix m v . In 
this regard, it is worth recalling that the current solar and atmospheric neutrino oscillation 
data are consistent with the so-called tri-bimaximal leptonic mixing pattern j4|, which from 
the theoretical point of view seems to call for a discrete family symmetry. Along this line 
many models have been proposed, with a vast majority relying on the A^ symmetry (for 
recent reviews on flavour symmetries see e.g. Refs. 5|, |6|). 

Unfortunately, leptogenesis cannot be successfully implemented in the minimal triplet 
seesaw scenario. The CP asymmetry induced by the triplet decays is generated beyond 
the one-loop level and, consequently, is highly suppressed. Thus, new sources for neutrino 
masses are necessary to induce the required lepton asymmetry via the out-of-equilibrium 

W 



triplet decays |7H11|. In the latter case, estimates of the thermal leptogenesis efficiency J8j9| 
as well as a more precise calculation of it by solving the full set of Boltzmann equations 12 1 
indicate that successful leptogenesis typically requires the lightest triplet mass to be large 
enough, M& > 10 9 GeV, if no extra sources of CP violation are present and lepton flavour 
effects are not taken into account. 

A crucial ingredient of any dynamical mechanism which aims at explaining the baryon 
asymmetry is the violation of the CP symmetry. For scalar triplet leptogenesis, the complex 
Yukawa couplings of the Higgs triplets to leptons, as well as their complex couplings to 
the standard Higgs doublet, usually provide the necessary source of (explicit) CP violation. 
Alternatively, the required amount of CP violation can be generated if CP is spontaneously 



broken by the complex vacuum expectation value (VEV) of a scalar field. Besides being 
more attractive from a theoretical viewpoint, the latter framework is also more economical 
since both the CP violation necessary to generate the baryon asymmetry and leptonic CP 
violation [13] potentially observable at low energies come from a common source, namely, 
from the phase of the scalar field responsible for the spontaneous CP breaking at a high 
energy scale [14J . 

The purpose of this work is to present a simple scenario where the above three aspects 
(leptogenesis, leptonic mixing and spontaneous CP violation) are related. To this aim, 
we shall add to the Standard Model (SM) a minimal particle content: two Higgs triplets 
A a (a = 1, 2) with unit hypercharge and a complex scalar singlet S with zero hypercharge. 
In our framework, neutrinos acquire masses via the well-known type II seesaw mechanism, 
implemented by the two scalar triplets, and leptogenesis becomes viable due to the out-of- 
equilibrium decays of the latter in the early universe. Furthermore, we shall assume that the 
CP symmetry is spontaneously broken at high energies by the complex VEV of the singlet 
S, leading to the CP violation required for leptogenesis as well as to low-energy leptonic 
CP violation. By imposing an A4 x Z4 flavour symmetry which is spontaneously broken at 
a high scale with a specific vacuum configuration, the tribimaximal (TBM) lepton mixing 



is obtained. Nonzero values of #13 , required by the neutrino oscillation data from T2K 15 1 
and MINOS [16J, arise once we consider small perturbations around the vacuum alignment 
configuration which leads to exact TBM mixing. We show that in our framework the value 
of # 13 measured by the Daya Bay Reactor Neutrino Experiment \u\ can be obtained, leading 
to large Dirac-type CP violation. Finally, we discuss how leptogenesis is realized in order 
to show that sizable CP asymmetries can be obtained. Moreover, the effective leptogenesis 
phase can be directly linked to the low-energy leptonic CP-violating phases. 

II. THE MODEL: PARTICLE CONTENT AND SYMMETRIES 

Let us consider the SM extended with two Higgs triplets A a (a = 1, 2) of unit hypercharge 
and a complex scalar singlet S with zero hypercharge. In the SU(2) representation: 

-A+/V2 A++ 



We impose CP invariance at the Lagrangian level and introduce a Z± symmetry under 
which the scalar and lepton fields transform as follows: 

S — > —S, (f) — > i(f), Ai — > Ai, A 2 — > — A 2 , Lj — > iLj, e^j — » —ieRj, (2) 

where = (0 + </>o) T is the standard Higgs doublet of SU(2)l, Lj and e/y (j = 1, 2, 3) are the 
SM lepton doublets and right-handed singlets, respectively. The remaining fields transform 
trivially under the Z4 symmetry. As it turns out, the above symmetry assignment yields a 
quite simple and predictive scenario. 

The most general scalar potential invariant under the above symmetries can be written 
as 

yCPxZ 4 = y s + V(f) + VA + y s4> + y sA + y^ + y^ (3) 

where 

V s = /4 (S 2 + S* 2 ) + m 2 s S*S + X' s {S 4 + S* 4 ) + X'^S*S{S 2 + S* 2 ) + X s (S*S) 2 , 

V A = J2 a M « Tr ( A l A «) + E a , b [(AA) afe Tr(At A a ) Tr(AjA 6 ) + (A' A )a 6 Tr(At A a AjA 6 )' , 
Vs* = Vs (5*5)(^V) + Vs {S 2 + S* 2 ) (0t0), 

Vsa = J2 a Tr ( A « A «) h ( s2 + s * 2 ) + z* s * s ] > 

V *± = E a K (<^) Tr ( A I A ") + C (0 f AlAa0)] + (^ 2 M 2 T A 2 + H.c), 

v S4> a = 4> T ^i4> (Ai 5 + a; 5*) + H.c, 

(4) 

and = icr 2 0*. Since CP invariance has been imposed at the Lagrangian level, all the 
parameters are assumed to be real. Notice that the choice of the Z 4 symmetry given in 
Eq. (j2j) forbids the term ^iMi</> Ai</> which is crucial for the mechanism of leptogenesis to 
be viable in the present model. Yet, once the singlet S acquires a complex VEV, this term 
is generated from the scalar potential contribution Vsqa in Eq. (pD). 

In order to generate a realistic lepton mixing pattern we shall also impose an A± discrete 
symmetry at high energies (see discussion in Section [TVT) . We recall that, in a particular 
basis, the Clebsch-Gordan decompositions of the A4 group are V (g> 1" — 1 and 3 (8) 3 = 
1 © V © 1" © 3 S © 3 a . Moreover, the Clebsch-Gordan coefficients for the product of two 



TABLE I. Representations of the fields under the A4 x Z4 and SU(2)l x U(l)y symmetries. 
Field L e R ,n R ,T R Ai A 2 4> S $ tf 

A 4 3 1, 1', 1" 1 1 1 13 3 

Z4 i — i 1 —1 i —1 i 1 

SU(2) L x [f(l) y (2, -1/2) (1, -1) (3, f ) (3, 1) (2, 1/2) (1, 0) (1, 0) (1, 0) 

triplet fields with components a 12 , 3 and &i j2)3 are given by 

(a ® 6)1 = ai&i + a 2 5 3 + a 3 fe 2 , 
(a ® 6)1' = a 3 b 3 + ai6 2 + a 2 &i, 
(a (8) 6)1// = a 2 b 2 + 0163 + a 3 h, (5) 

(a (g) 6) 3s = -(2ai&i - a 2 6 3 - «3&2, 2a 3 6 3 - ai& 2 - a 2 b 1 , 2a 2 b 2 - a x b 3 - a 3 &i), 

1 
(a <g> 6) 3a = -{a 2 b 3 - a 3 6 2 , ai& 2 - a 2 b 1 ,a 1 b 3 - a 3 &i), 

while the symmetric product of three triplets reads 



((a <g> 6) 3s <g) c)i = - (2oi&iCi + 2a 2 b 2 c 2 + 2a 3 b 3 c 3 - ai& 2 c 3 - aib 3 c 2 
o 

-a 3 b x c 2 - a 3 b 2 ci - a 2 bic 3 - a 2 6 3 Ci) . 



(6) 



The spontaneous breaking of the A± symmetry is then guaranteed by adding to the theory 
two extra heavy scalar fields, $ and \I/, with a suitable VEV alignment. The complete 
symmetry assignments of the fields under A4 x Z 4 and SU(2)l x U(1)y are given in Table [H 



Below the cut-off scale A, the flavour dynamics is encoded in the relevant effective Yukawa 

fl 

Lagrangian £, which contains the lowest-order termsj in an expansion in powers of 1/A, 

£ £ £ 

£=J ( I$ ) 1 &* + A (I$) i" ^ R + A (I$) i' ^ (7) 

+ I A 2 {L T L*\ + I A! (L T L) 1 (y^H-y^*) + H.c. . 



1 In principle, one could also include the renormalizable 4-dimension term A2-L 7 L. This term is however 
easily removed by imposing an additional shaping Z4 symmetry. 



As soon as the heavy scalar fields develop VEVs along the required directions a, namely, 

($) = (r,0,0), (*) = (s,s,s), (8) 

and the scalar singlet S acquires a complex VEV, (S) = vs e ia , the leptonic mass Lagrangian 



becomes 



-C 



A 



vir- 



Vr r 



V2S 



L e <j ) e R + y ^-L f , ( j ) fi R +^-L T( j ) T R + ^-A 2 (2LjL e + 2LlL 



A " r ™ A ' T n 3A 



+2L T L T — L e L il — L e L T — L^L e — L^ L T — L T L e — L T L^j 



vs 



+ ^ Al {L T e L e + LjL T + L T T L,) ( Vl e ia + y' x e~^) + H.c. 
= Y^ X a e^ + Y Al LjCA^ + Y Aa L T a CA 2 L? + H.c. , 



with 



(Ve 0\ 






/l (A 






f 2 " 1_1 ^ 


o ^ o 


V A i 


= J/Ai 


1 


V A 2 - 


_ VA 2 

3 


-1 2 -1 


^0 y T ) 






l oi °y 






I- 1 - 1 2 J 



and 



y e 



-l^r , V* = ^ (l/ie tQ + y\e~ ia ) 



Va 2 



y-i 



s. 



(9) 



(10) 



(11) 



r 

Notice that the Yukawa matrices Y Al and Y A2 exhibit the so-called \i — r and magic 
symmetries, respectively. 



III. SPONTANEOUS CP VIOLATION 



In the present model, CP is conserved at the Lagrangian level because all the parameters 
are set to be real. Yet, this symmetry can be spontaneously broken by the complex VEV of 
the scalar singlet S. To show that this is indeed the case, let us analyze the scalar potential 
for S. Assuming that this field is very heavy and decouples from the theory at an energy 
scale much higher than the electroweak and Higgs-triplet scales, the relevant terms in the 
scalar potential are simply those given by the contribution Vs in Eq. @. The tree-level 
potential then reads 

V = m 2 s v s + X s v s + 2 (/4 + \ s v 2 s ) v 2 s cos (2a) + 2X' s v s cos (4a). (12) 



2 Following the standard procedure, we will assume the typical vacuum alignment for this class of models. 
The way how this vacuum configuration is achieved from the minimization of the complete flavon potential 
is out of the scope of the present work. 



Its minimization with respect to vs and a yields the equations 

— - = 2v s [m 2 s + 2\ s v 2 s + 2(4 + 2X 's v s) cos ( 2 «) + AX 's v s cos ( 4 «)1 = °> ( 13 ) 

ov s 

^ = -4v 2 sin (2a) [(^ + A>§) + 4A>§ cos (2a)] = 0. (14) 



Besides the trivial solution vg = 0, which leads to Vo = 0, there are other three possible 
solutions to the above system of equations: 



2 mi + 24 

Vs = - 2(X S + 2X S + 2X>) ' a = °' ±,r; 



„,2 ~'"'S Z ^S ,". / 1f -\ 



-ro| + 2/4 ,. = +![ 

2(A 5 + 2A' 5 - 2A£) ' 2 : 

-2A' s m| + A'^| .^ . /i| + \" s v 2 s 



( m ) ^5= ^ rr o>. w/2 » cos ( 2 «) 



4A<?A'c - 8A'| - Af v ' 4A^f 



Note that in spite of the phase 7i~/2 in (ii), in this case the vacuum does not violate CP 18]. 
Therefore, only the last solution is of interest to us since it leads not only to the spontaneous 
breaking of the CP symmetry but also to a non-trivial CP-violating phase in the one-loop 
diagrams relevant for leptogenesis. One can show that this solution indeed corresponds to 
the global minimum of the potential in a wide region of the parameter space. To illustrate 
this, let us consider m 2 s < 0, A5 ~ 0,/j,s — and As > 2A' 5 > 0. From Eqs. ( IT5|) we then 
obtain 

4~ ^— — , a = 0,±-,±vr, 16 

s 2(A S + 2X' S ) ' ' 2 ' ' v ; 



for the cases (i) and (ii), leading to 



4 
m s 



4(A 5 + 2A' S 



(17) 



In turn, solution (iii) yields 



ml 



^~W^W tt ^ /4 ' (18) 



implying 



m s 



'°" 4(A s -2A' 5 y (19) 

Clearly, the latter value corresponds to the absolute minimum of the potential. One can also 
easily show that both mass eigenvalues are positive within the assumed parameter region: 
M 2 S1 = -4m| > and M| 2 = -I6m 2 s \ s /(\ s - 2\' s ) > 0. 



IV. SEESAW MECHANISM, NEUTRINO MASSES AND LEPTONIC MIXING 

In the present framework, neutrinos acquire masses through the well-known type II seesaw 
mechanism due to the tree-level exchange of the heavy scalar triplets A a . From Eq. §§§ it is 
straightforward to see that the effective neutrino mass matrix m u is given by 

m„ = m« + mp), m® = 2u a Y A \ (20) 

where u a = \x* a v 2 /M a are the VEVs of the neutral components A° of the scalar triplets, 
(0 O ) = v = 174 GeV and, in accordance with Eq. (0}, /^ = (Aie ia + \[e~ ia ) v s /M v The 
Yukawa matrices Y Aa are those already presented in Eq. (ITU]) . Diagonalizing m^ we obtain 

m u = U'ilJt, d^ = diag (|zie i/3 + z 2 \,z ± , \z x e %fi - z 2 \) = diag(mi, m 2 ,m 3 ), (21) 

where m, are the neutrino masses and 

z a = 2\u a yA I , /3 = arg(w 1 |/A 1 ) = arctan I — ^ —tana ) + arctan I j-tana ) . 

v^i + ^i / \yi + ¥i J 

(22) 

Hereafter we consider the relevant CP-violating phase as being (3. The unitary matrix U is 
given by 

U = e- Wl/2 U T B M K, (23) 

where Utbm is the tribimaximal mixing matrix, 





/ 2 i 



U 



TBM 



1 1 1_ 

__L _L i 

\ v/6 v^ V2 / 



(24) 



and 

K = diag(l,e^,e^), 

(25) 

7i = (cri - ^)/2, 72 = (cri - cr 2 )/2, cti j2 = arg (z 2 ± ^ie 4/3 ) . 

Since at this point there is no Dirac-type CP violation (U13 = 0), the Majorana phases 7i )2 
are the only source of CP violation in the lepton sector. 

8 



Let us now discuss how the experimental knowledge on the neutrino mass squared dif- 
ferences constrains the parameters z\ and z 2 . At la confidence level, the neutrino mass 



squared differences are [19] 



A< = (7.59±8:5) x 10- 5 eV 2 , A< = (2.50JJS) [-2.40^] * ^eV 2 , (26) 

for the normal [inverted] neutrino mass hierarchy. The sign of the neutrino mass difference 
(m 3 — 1712) is dictated by the ordering of the neutrino masses: positive for normal ordering 
(m 3 > m 2 > rrii) and negative for inverted ordering (m 3 < m 2 < mi). In the first case, 
Eq. (]2ip together with the condition m 3 > m 2 > mi implies the constraints 

z 2 + 2zi cos /3 < 0, z 2 - 2zi cos (3 > 0, (27) 

which, clearly, are satisfied only if 7r/2 < < 3n/2. On the other hand, for 1713 < m 2 < mi 
one has 

z 2 + 2zi cos /3 < 0, JS2 — 2-2i cos < 0, (28) 

which cannot be simultaneously fulfilled. Thus, the present model cannot accommodate an 
inverted hierarchy for the neutrino mass spectrum. 

The parameters z\ and z 2 can be written in terms of Am 21 , Am^ and the angle (3 as 



1 Am|j _ 1 /Ami! 

21 = ~ 2 cos /3 ^/2{Kmli- 2 Amli) ~ ~2cos/3V 2 ' 

^ = ^/ Am| 1 -2Amf7 ^ | Am^ 

2 



(29) 



where the last equalities in the right-hand sides were obtained using the fact that Am^ 3> 
Am 21 . We notice that z 2 is completely fixed by the atmospheric neutrino mass squared 
difference. Moreover, z\ ~ — z 2 /(2cos/3). Using the best fit values given in Eqs. ( 1261) . we 
obtain 

zi ~ -0.0175/ cos > 0.0175 eV, 2 2 ~ 0.035 eV. (30) 

In turn, the neutrino masses defined in Eq. (f2~TI) can be rewritten as 



rrii = \j z \ — Ara 21 , ^2 = ^1, ^3 = \j z \ + Am| x — Am^ . (31) 

Thus, the model predicts a lower bound for the lightest neutrino mass: m-i > 1.5 x 10~ 2 eV. 
The neutrino mass hierarchy is maximal when (3 = tt, while an almost degenerate spectrum 




3tt/2 



FIG. 1. Neutrino masses mi as a function of the high-energy phase (3 in the exact TBM case. 



is obtained for j3 ~ 7r/2 or /3 ~ 3tt/2. Finally, the Majorana phases are approximately given 
by 



P 1 Aan/3 

7i ~ — p, 7 2 — arctan 

n h, 12 2 2 i 3 



(32) 



The dependence of neutrino masses on the high-energy phase /3 is presented in Fig. [T] for 
the exact TBM case. The light red shaded area is currently disfavoured by the recent WMAP 
seven-year cosmological observational data 20J . Although WMAP alone constrains the sum 
of light neutrino masses below 1.3 eV (95% CL), when combined with baryonic acoustic 
oscillation and type-la supernova data this bound is more restrictive: Yli m * < 0-58 e V at 
95% CL. 



A. Vacuum-alignment perturbations and nonzero #13 



The T2K 15] and MINOS 16] neutrino oscillation data imply for the #13 mixing angle 



:„2 a _ n m Q+0.007 f+0.015\ [+0.0221 

sin 0i3 - U.Uld_ a005 (_ .oo9j L-0.012J 



(33) 



at lcr(2er)[3er]. Recently, through the observation of electron-antineutrino disappearance, 
the Daya Bay Reactor Neutrino Experiment has also measured the non-zero value [171 ]: 



sin 2 (2# 13 ) = 0.092 ± 0.016(stat) ± 0.005(syst) 



(34) 



10 



with a significance of 5.2a. In the light of these results, models that lead to tribimaximal 
mixing appear to be disfavored. In general, deviations from #13 = in these models cannot 
bring this angle into agreement with data without spoiling the predictions for the solar and 
atmospheric mixing angles. Several alternative solutions have been recently put forward to 
explain a relatively large value of #13 in the framework of discrete flavour symmetries (see, 



for instance, Refs. 



21 



29j). 



Here we shall follow an approach based on considering small perturbations around the 
TBM vacuum-alignment conditions dSJ. Such perturbations could come from the presence 
of higher dimensional operators in the flavon potential. We consider two distinct cases: 

CASE A - Small perturbations around the flavon VEV ($) = (r, 0, 0) of the form 
($) =r(l,ei,e 2 ); 

CASE B - Small perturbations around the flavon VEV (\l/) = s(l, 1, 1) of the form 
(*) =s(l,l + ei,l + e 2 ); 
with |ei j2 | <C 1. 

Since (\1/) is not perturbed in case A, the contribution to the lepton mixing coming from 
the neutrino sector remains of TBM type [cf. Eq. (J7|)]. On the other hand, due to the new 
form of ($), the charged lepton Yukawa matrix is 



' Ve VrSl 2V?2* 



(35) 



Vr£2 y» Ve£l 

\y^£i y e £2 Vr j 

which implies XJg 7^ 1, where U^ is the unitary matrix which rotates the left-handed charged- 
lepton fields to the their physical basis. The new lepton mixing matrix U = UJUtbm yields 
the perturbed mixing angles 



sin 2 fl 12 ~-[l-2(£ 1 + £ 2 )] , sin 2 fl 



23 



5(1 + 2*1), 



sin 2 # 



13 



(ei - £2) 



(36) 



3' v 2 V " 2 

at lowest order in e 1)2 . This leads to the following approximate relation among the three 
lepton mixing angles 



sin 2 # 



13 



(4sin 2 g 23 -3cos 2 M 2 
8 



(37) 



compatible with neutrino data at the la level. Obviously, the rotation of the charged lepton 
fields does not affect the neutrino spectrum nor generate a Dirac-type CP- violating phase. 
Since the flavon fields are real, the Majorana phases 71 2 also remain unaltered. 



11 
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FIG. 2. Allowed regions in the (si, £2) plane corresponding to the VEV perturbations of the flavon 
field (#) = r(l, £1,62) in case A (left panel) and (\I/) = s(l, 1 + £1, 1 + £2) in case B (right panel). 
The scatter points were obtained considering the la (black), 2a (red) and 3a (green) neutrino 
oscillation data. 



In Fig. [2] (left panel) we present the allowed regions in the (£1,62) plane taking into 
account the present neutrino oscillation data, at ler (black), 2a (red) and 3a (green). As 
it is apparent from the figure, with (£1,62) — (—0.05,0.1) or (£1,52) — (0.05,-0.05) one 
obtains agreement with the data at the la level. 

Neutrinoless double beta decay (0vf3/3) is an important low-energy process 3fJ which, 
if observed, will establish the Majorana nature of neutrinos. The rate of this process is 
proportional to the modulus of the (11) entry of the effective neutrino mass matrix, in the 
weak basis where the charged-lepton mass matrix is diagonal and real. In our framework its 
value is given by 



\m e . 



X>iU?, 



- |2m 1 (l + £ 1 + £ 2 )+m 2 e- 2i7l | 
o 



(38) 



in leading order of £1^. Although with large uncertainties from the poorly known nuclear 
matrix elements, data available at present set an upper bound on \m ee \ in the range 0.2 
to 1 eV at 90% CL. [3lM33|. The existing limits will be considerably improved in the 
forthcoming experiments, with an expected sensitivity of about 10~ 2 eV 34|. In Fig. [3] we 
present the dependence of \m ee \ as a function of the phase /3 for case A (scatter points) taking 
into account the present neutrino oscillation data, at la (black), 2a (red) and 3a (green). 
We obtain \m ee \ ~ (0.004 — 0.2) eV, where the upper limit comes from the cosmological 
bound and it corresponds to an almost degenerate neutrino spectrum. We notice that the 
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3tt/2 



FIG. 3. Neutrinoless double beta decay parameter \m ee \ as a function of the high-energy phase /3 
for case A (scatter points) and TBM and case B (cyan solid line). 

predictions for the effective Majorana mass parameter \m ee \ are within the reach of future 
experiments [30] and the model can be ruled out if 0^/3/3 searches give \m ee \ < 4 meV. 

We now discuss case B, in which (<&) = (r, 0, 0) and small perturbations around the flavon 
VEV (\l/) = s(l, 1, 1) of the type (\&) = s(l, 1 + S\, 1 + e 2 ) are considered. This will induce 
corrections to the mixing coming from the neutrino sector. Notice that one can alternatively 
consider perturbations of the type ($) = s'(l + e[, 1,1 + e' 2 ) or (*) = s"(l + £'/, 1 + e 2 , 1). 
The results obtained below are obviously invariant under the choice of the perturbation, 
provided one takes into account the mapping of {s' , s" , e' { , e"} into {s,£j}. At leading order 
this mapping corresponds to s' = s" = s(l + ei), e[ = — 6i, e' 2 = e 2 — £i, e'[ = e 2 — £1 and 

-£l. 



-1 



The Yukawa couplings Y A2 contributing to the neutrino mass matrix are now given by 



/ 



Va 2 
3 



2 -l-£ 2 -l-£i 

•l-£ 2 2 + 2 £l -1 

•l-£! -1 2 + 2e 2 



\ 



(39) 



Consequently, at first order in £1 2, the neutrino mass spectrum gets corrected in the following 
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FIG. 4. Left: allowed regions in the (£1,62) plane corresponding to the VEV perturbations of the 
flavon field ^f in case B, taking into account the Daya Bay result for #13. The corresponding regions 
in the (|</cp|>/3) plane are shown in the right panel. 



way 



m\ ~- [3zl + z 2 (3 + 2e 1 + 2e 2 ) + z t z 2 {3 + e x + e 2 ) cos/3] 



2 2 

m 2 ~z t , 



(40) 



rrin 



[3zl + z\ (3 + 2ei + 2e 2 ) - 2^2 (3 + £1 + e 2 ) cos/3] 



As in the unperturbed case, it can be shown from the above equations that an inverted 
neutrino hierarchy is not allowed. 

In the present case, the approximate analytic expressions for the mixing angles are 



sin 2 #12 ~ ^ + ^(£1 + e 2 ), sin 2 6>i3 ~ — J n , sin 2 9 23 ^ 7: + i{ei - e 2 ) 



1 2 
3 + 5' 



72 cos 2 /3 
while for the Dirac-type CP-violating invariant Jqp we have 



1 1 

2 + 6' 



(41) 



J CP = Im [ U 11 U 22 Ut 2 U; i ] ~ ^— ^ tan /3 . 

3o 

Using the standard form J CP = sin(2 6 l 1 2) sin(2#i 3 ) sin(2# 23 ) sm ^/8 together with the rela- 
tions (J4"T|) . we get sin 5 ~ sin/3, which means that the Dirac CP-violating phase S is directly 
related with the phase of the singlet VEV (S), as shown in Eq. (I2"2"j) . The numerical results 
for the allowed regions in the (£i,£ 2 ) plane in case B are shown in Fig. [2] (right panel). By 
comparing both panels in the figure, it is clear that case B is less restrictive than case A. 
We also note that the predictions for 0^/3/3 are exactly the same as for the TBM case (cyan 
solid line in Fig. [3]) so that m ee is obtained from Eq. ( 138]) in the limit e lj2 = 0. 
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We now comment on the possibility of reproducing the recent Daya Bay #13 value fl3] 
in our framework. In the absence of a 3-neutrino global analysis of the oscillation data 
including the Daya Bay results, we take the la values for # 12 , #23 and Am^ 31 obtained in 
jl9| . From Eq. (13"T|) one can see that the new Daya Bay value for 9 13 is not compatible with 
the remaining mixing angles for case A. Instead, for case B we get a perfect agreement with 
all data. This is apparent from Fig. H] (left panel) where the allowed regions in the (ei,^) 
plane are shown. In the right panel of the same figure the predictions for | Jcp | are shown as 
a function of the CP-violating phase /3 which, as already mentioned, is approximately equal 
to the Dirac phase in the lepton mixing matrix. From these results we conclude that our 
framework predicts li7r/8 < 5 < 37r/2 with 0.03 < |Jcp| < 0.04, which is large enough to 
be measured in future oscillation experiments. 

V. HIGGS TRIPLET DECAYS AND LEPTOGENESIS 

The mechanism of leptogenesis can be naturally realized in the present model due to the 
presence of the scalar triplets Ax and A 2 . At tree level, the latter can decay into two leptons 
or two Higgs fields (cf. Fig. [5]). In the presence of CP-violating interactions, the decay of A a 
into two leptons generates a nonvanishing leptonic asymmetry for each triplet component 

(A A+ A++) 

Ca - 2 y r ( A " -* La ± M ~ r ( A ° ->• L « + M (42) 

where Y Aa denotes the total triplet decay width and the overall factor of 2 arises because 
the triplet decay produces two leptons. It is useful to define 

B L a T Aa = J2 T (K ^L a + L P ) = ^Tr (Y A «tY A °), 

Bir Aa = r(A; -> <p + 0) = ^ a \ 2 , (43) 

where B^ and Bf are the tree-level branching ratios to leptons and Higgs doublets, respec- 
tively. The total triplet decay width is given by 

r Aa = ^[Tr(Y^t Y ^)H-K| 2 ]. (44) 

When the triplet decays into leptons with given flavours L a and Lp, a nonvanishing 
asymmetry e"^ is generated by the interference of the tree-level decay process with the 
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A„->- - 




A„ — -^ 



' x A 6 




L, 



FIG. 5. Tree-level diagrams for the scalar triplet decays and one-loop diagram contributing to the 
CP asymmetry e° . 



one- loop self-energy diagram shown in Fig. [5j One finds 13] 

a0 g(x b ) c afi Im [/i*/i fe Y a/3 a Y a/ f ] 



2tt Tr (Y A -tY A -) + |/x t 



|2 " 



(6^a) 



where 



2-8 a0 for A°,A+ 
1 for A+ 



(45) 



(46) 



x b = M 2 /M 2 , and the one-loop self-energy function g{x b ) reads 



g{xb) 



x b (i - x b ) 



(47) 



(x b -iy + (r Ab /M a y 

Recalling that the effective light neutrino mass matrix is given by Eq. ( 12 j) in the type-II 
seesaw framework under discussion, Eq. ( 145]) can be rewritten as 

g(x b ) M b (B L a Bi) 1 ' 2 c^Im[m^m; Q/3 ] 



e a/3 ~ 
a An v 2 TT r 

In the hierarchical limit M a <C M b , it reduces to 



m^ + m^l 1/2 



(48) 



^ ^ M a {BZB*fl* c^Im[m^m* >Q J 



47Tf 2 



[Tr( 



m« t m< a)v,1/a 



(49) 



which, after summing over the final lepton flavours, yields the following expression for the 
unflavoured asymmetry 12|, |35| : 



(a 



M a {B^Bt) l/2 Im[Tr(mi, a) mt)] 



47Tf 2 



[Tr(m( a)t ml a) ; 



One can then show that the following upper bound holds 121 ]: 



1/2 • 



(50) 



MMB^ t i/ 2 _ M a WB>)V* / 

a| " 4™ 2 L ir W,m„jj - 4 2 ^ 



™fc 



1/2 



(51) 
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This upper bound increases as the light neutrino mass scale increases. For hierarchical light 
neutrinos one obtains: 

,1/2 f M a \ (^[k^l 



\e a \<\^\B L a Bt 



H\ 



(52) 



10 10 GeVy V0.05eV 

Clearly, the absolute maximum of the right-hand sides of Eqs. ( 15 ip and (1521 is obtained 
when B% — &t — 1/2- Nevertheless, since the efficiency of leptogenesis is dictated by the 
solution of the relevant Boltzmann equations, the final baryon asymmetry is not necessarily 
maximal in such a case. 

Due to the specific flavour structure of the Yukawa coupling matrices Y Aa given in 
Eqs. ( ITU]) , the quantity Tr (mi, ml ) vanishes in the exact TBM case. This conclusion 
also holds when the flavon VEV perturbations corresponding to cases A and B are con- 
sidered. Therefore, the leptogenesis asymmetry defined in Eq. (150]) is equal to zero and 
unflavoured leptogenesis is suppressed^. This means that for leptogenesis to be viable in 
our framework it must take place in the flavoured regime. In particular, for T < 10 12 GeV 
(T < 10 9 GeV) interactions involving the r (/z) Yukawa coupling are in thermal equilibrium 
and the corresponding lepton doublet is a distinguishable mass eigenstate. 

Assuming M a < M b and using Eqs. ($B), ([20]), (J22J) and (03]), the CP asymmetry given 
in Eq. (J4"9]) for each triplet component can be rewritten as 



,ct/3 



C af 3~P 



a 
a/3 ^a i 



where c a p is defined in Eq. ( j4*6]h and 

o _ 1 z a z b \u a \ 2 Ml sin/3 
£a ~ 37^2^4 + 4 | Ma |4 M 2 

with ti = 3 and £2 — 2. The matrix P a is given by 

/ 

oa_("l) a 



(53) 



(54) 



2(1 +e 1 + e 2 ) £\ — Bi 

ei-e 2 4 (ei + e 2 vl/yfj 



e 2 -£1 

l + e 1 + e 2 



\ 



^ £2-£i l + e 1 + e 2 -4 (e x + e 2 yf l /yl)j 



(55) 



Unlike the type-I seesaw framework 



36l438J|. imposing to the Lagrangian a discrete symmetry, such as 



the A4 symmetry, would not necessarily lead to the vanishing of the leptogenesis asymmetry in the type 



II seesaw case 



Indeed, even if both matrices, mj, and ml, , are diagonalized by the tribimax- 



imal mixing matrix Utbm, i-e. ra^ = Utbm K* d„ K* U^ BM , the quantity Im[Tr(m^mi ")] 



(a). 



,(°)w,( b )t^ 



Im{Tr[(K*K b ) 2 d[. a Mi, '] } in general does not vanish. 
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FIG. 6. Contours of the maximum values |e5 max | (solid) and je^, 
in the (/3, M)-plane. 



(dash), as given by Eq. ([5 



for case A, while 



:-ir 



t: + S, 



«2 



l8Mfui + 9v 4 zZ 



2 J 



/ 



V 



-2 









1 



\ 



(56) 



in case B. Obviously, in the TBM limit (ei^ = 0), there is a unique matrix P a . In this case, 
the flavour structure of P a dictates that the only allowed decay channels of A a are into the 
ee and /ir flavours. Once the VEV perturbations are introduced, new decay channels are 
opened in case A with the corresponding CP asymmetries suppressed by 0(e) factors. 

Maximizing e° with respect to the VEV of the decaying scalar triplet u a , one obtains 



-l,max 



12^6- 



7TU 



sin/3, 



_ 2, max 



May/Am^ 
48tiv 2 



tan/3 . 



(57) 



In Fig. E]we present the contours of |e° max | in the (j3, M )-plane. One can see that sufficiently 
large values of the CP asymmetries can be obtained in the flavoured regime. Clearly, a more 
rigorous study which accounts for washout effects would be necessary in order to estimate 
the final value of the baryon asymmetry. Such analysis is beyond the scope of the present 
work and will be presented elsewhere. 
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VI. CONCLUSIONS 

In this work we have presented an appealing scenario where spontaneous CP violation, 
leptonic mixing and thermal leptogenesis are related in a simple way. We added a minimal 
particle content to the SM, namely, two Higgs triplets A lj2 and a complex scalar singlet S. 
In this framework, neutrinos acquire masses via the type II seesaw mechanism, implemented 
by the two scalar triplets. Furthermore, assuming that the CP symmetry is spontaneously 
broken at high energies by the complex VEV of the singlet scalar, the CP violation necessary 
for leptogenesis as well as non- vanishing leptonic CP violation at low energies are obtained. 
The model also exhibits a spontaneously broken A 4 x Z 4 flavour symmetry which leads 
to a tribimaximal pattern in the leptonic mixing at low energies. Deviations to the TBM 
case were introduced in order to account for a non-zero value of the #13 mixing angle, 
recently reported by the T2K, MINOS and Daya Bay experiments. Such deviations were 
achieved by perturbing the TBM vacuum alignments of the flavon fields. Two cases have 
been considered depending on whether the perturbation comes from the charged lepton 
(Case A) or neutrino (Case B) sector. We concluded that the latest oscillation data favours 
case B, leading to close-to-maximal Dirac CP-violation with | Jqp| — 0.03 — 0.04, which is 
large enough to be measured in a near future by neutrino oscillation experiments. The model 
also leads to large enough flavoured CP-asymmetries in the decays of the triplets into two 
leptons. Consequently, leptogenesis becomes viable due to the out-of-equilibrium decays of 
the triplets at temperatures below 10 12 GeV. This could account for the observed value of 
the baryon asymmetry of the Universe. 
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